Variation in the surface morphology of polycrystalline UO2 powder induced by helium precipitation  by Serizawa, Hiroyuki et al.
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This  report  addresses  the  precipitation  of  helium  in  polycrystalline  UO2, which  deforms  the  morphol-
ogy  of  the  grains  and their  surfaces.  The  formation  of  intragranular  gas  bubbles  by the  diffused  helium
can  adversely  affect  the  sintering  process  of  ceramic-type  nuclear  fuel pellets.  Helium  was  injected  into
pulverized  UO2 particles  at 1473  K  by  hot  isostatic  pressing  (HIP).  The  speciﬁc  surface  area  measured  by
volumetric  gas  adsorption  instrument  implied  that  small  pores  should  exist  on  the  as-helium-treated
sample  surface.  Field-emission  scanning  electron  microscopy  observations  showed  that  numerous  shal-
low basins  (approximately  500  nm  in radius)  with  hexagonal  fringe  were  formed  on  the surface.  Theurfaces
elium
lister
mage crystal
basin  resembles  a ruptured  blister  whose  lid  has  been  forced  open.  SEM  observations  showed  a uniform
polygonal-shaped  section  of  the  gas  bubble  on  the  fracture  surface;  this  implies  that  precipitated  helium
forms  a negative  crystal  in  the  grain.  These  interesting  results  suggest  the  possibility  that  the  rupture  of
the  negative  crystal  formed  in the  vicinity  of the  surface  is  related  to  the  formation  of the  basin  with a
hexagonal  fringe.
©  2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
e
f
n
h
r
s
m
e
t
c
F
n. Introduction
The management of radioactive waste accumulated through the
se of nuclear power plants is a matter of public concern because
f the long-term hazard it poses with respect to the environ-
ent. The transmutation of minor actinides (MA: Np, Am,  Cm)  into
hort-lived elements has been discussed as an option to reduce
he high radiotoxicity of these wastes in the future nuclear fuel
ycle. Numerous concepts related to fuel and reactor types have
een devised, including a combination of MA-MOX fuel with a
ast breeder reactor (FBR) [1]. The addition of MA  elements to
OX  will change the physicochemical properties of the matrix,
.e., speciﬁc heat, thermal conductivity, creep rate, elastic moduli,∗ Corresponding author. Tel.: +81 29 282 6380; fax: +81 29 282 6122.
E-mail address: serizawa.hiroyuki@jaea.go.jp (H. Serizawa).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2013 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
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tc.,  which are generally relevant parameters in the design of new
uel. However, to develop MA-MOX fuel, we  must also consider a
ew problem in the fuel manufacturing process that arises from
elium produced by the -decay of MA.  The precipitated helium in
aw powder diffuses from the grain interiors to the surface during
intering to form a gas bubble in a region of grain boundaries.
The solubility and diffusivity of helium in UO2 are higher and
ore rapid compared with those of the ﬁssion product (FP) gas
lements [2,3]. Because of their large atomic radii, xenon and kryp-
on are essentially insoluble, whereas helium dissolves in UO2 up to
oncentrations as high as 6.7 × 10−4 cm3 (STP)/(g atm) at 1473 K [2].
irst-principle modeling conducted by Yun implies that the domi-
ant diffusion path of helium is to hop through a single vacancy
4], whereas xenon is likely to diffuse through the processes of
acancy clustering and declustering [5]. According to Ronchi and
iernaut, the diffusion coefﬁcient of helium in UO2 is almost four
imes greater than that of the FP gas element [3]. Similar results
re presented in another report [6]. Our recent work also shows
hat the diffusion coefﬁcient of helium is much greater than that
f the FP gas element [7], as suggested by Ronchi and Hiernaut [3].
ecause the solubility and diffusion mechanism are closely related
o the precipitation behavior of the noble gas element, deforma-
ion of the matrix texture by the growth of the helium gas bubble
hould be quite different from that induced by the formation of a
enon or krypton gas bubble [8].
2 n Ceramic Societies 1 (2013) 289–295
t
d
o
t
t
T
i
a
n
b
i
p
i
t
T
p
a
o
h
o
r
r
o
i
e
p
a
c
o
f
a
A
t
c
t
s
B
s
o
h
s
i
t
f
c
o
t
s
a
a
2
g
b
s
p
s
t
(
F
H
9
s
t
h
s
t
t
s
a
m
T
3
i
f
a
t
f
method [25].
The surfaces of samples S1 and S5 were examined by
a ﬁeld emission-scanning electron microscope (SU-70, Hitachi
Table 1
Helium absorption conditions for each sample.
Sample Temperature (K) Pressure (MPa) Heating time (h)
S1 – – –90 H. Serizawa et al. / Journal of Asia
A series of the studies conducted by Sattonnay et al. clariﬁed
hat the growth conditions of gas bubbles in UO2 vary strongly
epending on the implanted species; the precipitation of helium
r xenon occurs above a threshold temperature, Tc [9]. According
o them, xenon implanted to UO2 nucleates at a lower tempera-
ure compared to helium implanted under the same conditions.
hey hypothesized that the difference in nucleation temperature
s likely due to the differences in both severity of radiation damage
nd diffusion mechanism involved in each case. Their hypothesis is
oteworthy with respect to the behavior of helium in nuclear fuel,
ecause the release of helium produced by -decay might form an
ntra- and inter-granular bubble and thereby induce swelling of the
ellet. However, whether helium in UO2 under irradiation behaves
n this manner is unclear because the temperature region in which
he authors performed their experiments was considerably low.
o clarify the helium behavior in nuclear fuel loaded in a nuclear
lant, experiments performed in the higher-temperature region
re necessary. Recently, E. Maugeri et al. examined the behavior
f helium release from UO2 [10]. They showed that the release of
elium occurs primarily at approximately 850 K (helium depletion
f the surface) and in the temperature region beyond 1200 K (main
elease from the grains). Notably, the temperature range of helium
elease from grain coincides with the sintering temperature range
f oxide fuel. Indeed, signiﬁcant sintering of pressed fuel powder
s known to occur in this temperature range [11–16].
Although helium is a noble gas element similar to the FP gas
lements (xenon and krypton), the behavior of helium in fuel is
eculiar. So far, the behavior of helium in plasma facing materi-
ls has been intensively studied with respect to microstructural
hanges [17–22]. The behavior of helium in UO2 has become a topic
f investigation because of the development of high-burn-up MOX
uel for LWR. This development is because MOX  fuel contains a large
mount of -emitters and helium is accumulated in the fuel pellet.
ccordingly, we initiated a series of studies to clarify the effect of
he helium accumulated in raw powder during the sintering pro-
ess of MA-MOX fuel for FBRs. In the present study, we  focused on
he variation in the surface morphology by the precipitation of dis-
olved helium in polycrystalline UO2. The grains were examined by
ET, ﬁeld-emission scanning electron microscopy (FE-SEM), and a
canning ion microscopy (SIM). Small defects similar to the trace
f a blister were detected on the surface of S5. We  focused on the
exagonal fringe that surrounds the basins, since the polyhedral
hape is similar to the cross section of the polyhedral cavity formed
n polycrystalline UO2. Such kind of cavity is called negative crys-
al. Recently, our investigation clariﬁed that precipitated helium
orms the negative crystal in UO2 [23]. The shape of the negative
rystal formed in the polycrystalline sample is usually truncated
ctahedron of which cross section is hexagonal. The similarity of
he shape is interesting, and it is reasonable to consider that there
hould be some causal dependences between the blister formation
nd the negative crystal formation. In this manuscript, we  discuss
 series of phenomena paying attention on this point.
. Experimental
In this study, a sintered UO2 pellet (density: 10.68 g cm−3) was
round into small particles to accelerate the infusion of helium
y increasing the speciﬁc surface area of the sample. Appropriate-
ized particles with diameters of 300–500 m were separated by
assing them through screens.The scheme of the experimental setup to dissolve helium is
hown in Fig. 1. The UO2 sample (5.0 g) was placed in a resis-
ance furnace capable of operation under a high pressure of helium
Nikkiso Co. Ltd., Japan). The nominal purity of helium gas wasig. 1. Schematic of the experimental apparatus to dissolve helium in UO2: (A) the
IP  setup and (B) the molybdenum capsule containing a UO2 sample.
9.99995%. Table 1 summarizes the absorption conditions for each
ample. As an example, the temperature–pressure record during
he helium treatment of sample S2 is shown in Fig. 2. Both the
eating and the cooling rates were approximately 20 K/min. The
ample chamber was  pressurized before the maximum tempera-
ure was attained and leaked after the temperature was  decreased
o restrain the release of dissolved helium. The stoichiometry of the
ample was  conﬁrmed by thermogravimetric analysis prior to the
bsorption experiment.
The speciﬁc surface areas of samples S1, S2, S3, and S4 were
easured by the BET method using krypton as an adsorptive gas.
he apparatus employed in the present study was a BELSORP-max-
2-N volumetric gas adsorption instrument (BEL Japan Inc.), which
s designed to measure wide-range adsorption isotherms for sur-
ace area and pore size distribution analysis. The speciﬁc surface
rea was estimated from the krypton isotherm using the BET equa-
ion [24]. The pore size distribution of the sample was calculated
rom the krypton adsorption isotherm using the Dollimore–HealS2  1473 30 25
S3  1473 61 25
S4  1473 91 25
S5  1473 91 100
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the following modiﬁed Kelvin equation for krypton adsorptionig. 2. Temperature and pressure history of the helium dissolution process for sam-
le S2.
igh-Tech). However, the FE-SEM observations did not give sufﬁ-
ient information on the formation of helium gas bubbles because
he shapes and positions of the grain boundaries were not clear.
hen, we prepared a section near the surface using a focused ion
eam processing system. The sample was placed on a pre-tilted 45◦
ount, and ion milling was performed with a Ga+ ion beam. After
he processing was ﬁnished, the mount was rotated 180◦ to adjust
he section such that it was vertical to the ion beam. The gas bubble
as observed with a scanning ion microscope.
. Results and discussions
When we discuss the behavior of noble gases in a solid, one
f the most important factors is solubility. Prior to the present
tudy, we examined the solubility of helium in UO2 by mass
pectroscopy using a helium-injected sample prepared under the
ame conditions used in the present study [7,26]. The helium con-
ent of the sample was evaluated on the basis of the amount of
elium released at temperatures greater than 1073 K because no
emarkable signal attributable to H+ could be detected at lower
emperatures. We  conﬁrmed that the concentration of helium
issolved in the sample was from 2.4 × 10−5 to 3.5 × 10−5 cm3
STP)/(g atm) (from 9.64 × 10−6 to 1.40 × 10−5 at.%), which is lower
han the concentration predicted on the basis of solubility data,
.e., 6.7 × 10−4 cm3 (STP)/(g atm) (2.7 × 10−5 at.%), as reported by
ufeh et al. [2]. Recently, Maugeri et al. conducted a systematic
tudy on the solubility of helium in UO2 [10]. They measured the
elium solubility in UO2 at 1523 K and 1743 K using polycrystalline
nd single-crystalline UO2. They showed that the helium content
hanges depend on the porosity of the sample. Compared with
he solubility data obtained using polycrystalline UO2, the present
esults show a slightly greater solubility than that reported by
augeri et al. At present, the solubility data are so scattered that
he precise solubility of helium in UO2 is still under discussion. The
ifﬁculty in the measurement is caused by the rapid diffusion of
elium in UO2. Because the diffusion coefﬁcient of helium DH is
xtraordinarily high (8 × 10−7 exp(−46 kcal mol−1/RT) m2 s−1) [3],
elium in the surface region easily exudes during the quenching
rocess. We  did not closely investigate the solubility of heliumFig. 3. Adsorption isotherm of krypton at 77.4 K on sample S1.
n this study; however, we  qualitatively determined that a large
mount of helium certainly dissolved in the sample, which was
ubjected to further investigation.
Thermogravimetric analysis showed that the O/U ratio mea-
ured after the helium treatment was  2.00 ± 0.01 for all samples
hown in Table 1. The ratio did not change after the heat treat-
ent accompanied by helium injection. The adsorption isotherm
f krypton at 77 K on samples S1 and S4 is shown in Figs. 3 and 4,
espectively. The shape of isotherm curves obtained by the mea-
urement of S2 and S3 almost coincided with that of S4 given in
ig. 4.
The isotherm of the as-received sample S1 is shown in Fig. 3. The
orizontal axis, p/p0, is the relative pressure of krypton calculated
sing the saturated pressure value of supercooled liquid as p0. The
sotherm exhibits a steep deviation from the linear relationship in
he p/p0 region, which corresponds to the capillary condensation
henomenon and suggests that there are small pores on the sur-
ace of the sample. The pore size distribution is an important factor
n the characterization of the state of the particle surface because
ata include information related to the microstructure. Although
he adsorption isotherms for the as-heat-treated samples S2, S3,
nd S4 do not exhibit a clear-cut increase in the amount of krypton
dsorbed, their pore size distributions were also evaluated for com-
arison. In the present study, the pore radius was  analyzed usingFig. 4. Adsorption isotherm of krypton at 77.4 K on sample S4.
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Fig. 5. FE-SEM images of the external view of samples before and after the helium
Table 2
Results of the BET and pore size distribution measurements.
Sample Speciﬁc surface area
(×10−3 m2 g−1)
Total pore volume
(×10−6 cm3 g−1)
Pore radius (nm)
S1 4.09 2.37 2.31
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cS2 3.98 2.04 2.05
S3 3.81 2.08 2.19
S4 5.02 2.55 2.03
t 77 K:
k = 119.4 ×
(
p
p0
)3
− 60.73 ×
(
p
p0
)2
+ 13.25 ×
(
p
p0
)
− 0.007
(1)
here rk, p, and p0 represent Kelvin radius, equilibrium pressure for
dsorption, and saturated vapor pressure, respectively [27]. As rec-
mmended by Takei and Chikazawa, the saturated vapor pressure
f the supercooled liquid was adopted as p0.
The speciﬁc surface areas and pore size distributions of the sam-
les are listed in Table 2. In this study, we use the term “surface
arameters” to refer to the properties listed in Table 2. According
o Takei and Chikazawa, the measurement of krypton adsorption
sotherms at 77 K is applicable to small pores with radii from 1.36
o 5.20 nm [27]. As evident from the results in the fourth column of
able 2, the radius of the pores on the sample surfaces varies from
.03 to 2.31 nm.  Interestingly, the pore sizes of the as-heat-treated
amples S2, S3, and S4 were evidently smaller than that of the as-
eceived sample S1, while the total pore volume and surface area of
4 were the largest among the samples. With respect to the former
henomenon, the contraction in the pore radius can be explained
y the occurrence of grain growth during the high-temperature
reatment performed during helium absorption, whereas the latter
henomenon is unexpected.
One of the causes for the change in the surface parameter is the
ormation of blisters. The mechanisms of blister formation have
een discussed in detail in other studies [28,29]. A blister is formed
n the surface of the material when dissolved gases cannot escape
rom a free surface. The noble gas precipitates in the matrix to form
as-ﬁlled bubbles. The gas bubbles formed in this way  grow by
he capture of additional gas atoms and vacancies. When the gas
ubble is generated in the vicinity of the surface, a crack parallel
o the surface is formed, which results in the formation of a large
avity. The accumulated gas forces open the lid of the cavity to form blister.
The FE-SEM images of the sample surface before and after
elium absorption are shown in Figs. 5 and 6. Fig. 5 shows the
xternal views of the sample before and after the heat treatment.
w
n
[
v treatment: (A) as-received sample S1 and (B) as-helium treated sample S5.
o variation in the grain size is apparent, which means that the
ulverization of the particle does not occur through the helium
dsorption process. However, the microstructure of the surface
aries drastically. Since S1 was  prepared by pulverization of a sin-
ered pellet, the surface of particle shown in Fig. 6A is a broken
urface of the pellet. So, the morphology of the surface is rough, and
umerous open pores are observed. However, as shown in Fig. 6B,
he surface of the as-helium-treated sample S5 was smoothed
own by the surface diffusion through the helium injection accom-
anied by high temperature heat treatment, whereas a complex
rinkle is seen on the particle surface, which is a step produced
n the process of the surface diffusion. The surface diffusion was
ccelerated by the high temperature heat treatment; the atoms on
he surface migrated according to the Gibbs–Thomson effect, and
hanged the morphology. This is the reason why  the rough surface
urned into the smooth one. Though presence of the grain boundary
ecame obvious in Fig. 6B, it is not clear whether the morphology
f the grain boundary changes during the helium injection process
r not, since the ﬂesh broken surface of S1 is so rough that we can-
ot observe the grain boundary itself by SEM analysis. It should
e noted that shallow basins with hexagonal fringes indicated by
rrows are observed on the surface of S5. According to Sattonnay
t al., at temperatures above 873 K, implanted helium nucleates to
orm small gas bubbles in UO2 within 15 min  [9]. In the present
tudy, the sample was not quenched after helium injection. The
ooling of the furnace from 1473 K to 873 K required approximately
0 min, which is enough time for precipitated helium to form gas
ubble.
It should be noted that the blister is caused by the precipitated
as in a solid. The idea of gas-driven blister growth on a metal
urface was ﬁrst proposed by Evans et al. [21,22]. Although they
ddressed their attention only to metals, Kuri et al. showed that a
imilar phenomenon is observed in the surface region of a ceramic
yttria-stabilized zirconia) [30]. Much of the research on helium in
O2 has been conducted by French researchers [9,28,31,32]. Their
tudies clariﬁed the fundamental behavior of helium in UO2, such
s the lattice location of the dissolved helium, temperature depend-
nce of the cluster size, formation of gas bubbles [31]. In addition,
hey indicated that the surface of the implanted UO2 ﬂakes away
hen the local helium concentration reaches approximately 1 at.%
28]. Their results are noteworthy with respect to elucidating the
nﬂuence of helium precipitation in the surface region. Thus, we
onclude that the basins observed in Fig. 6B are the traces of blisters
hose lids were forced open. The deformation causes the rough-
ess of the surface, particularly on the edge of the ruptured blister
21]; i.e., the increases in the speciﬁc surface area and the total pore
olume detected by BET (see Table 2) are due to blister rupture.
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ce (A) as-received sample S1 and (B) as-helium treated sample S5.
a
w
o
y
o
m
o
i
b
f
A
t
s
c
t
t
k
o
c
s
i
t
t
t
v
F
a
Fig. 8. Model of the negative crystal formed in polycrystalline sample [23].Fig. 6. FE-SEM images of the microtexture of the sample surfa
Because the ductility of an ionic compound is lower than that of
 metallic compound, the covering layer may  tear off from the bulk
hen the cavity expands. The rupture of the blister forms cracks
n the edge of the broken blister, which was detected by BET anal-
sis as the irregular change in the surface parameter. The basin
bserved on the sample surface is considered to be formed in this
anner.
Another interesting observation related to the surface morphol-
gy is the shape of the fringe that surrounds the basins. If the basin
s a trace of the blister, the ordered shape of the fringe would
e distinctive. Recently, we found that the precipitated helium
orms a polygonal cavity in UO2—a so-called negative crystal [23].
 series of analysis clariﬁed that the shape of the negative crys-
al changes depending on the inner pressure (we referred to the
hape-controllable negative crystal as an “image crystal” [23]). We
lariﬁed that the shape of the negative crystal found in polycrys-
alline UO2 was that of a truncated octahedron. The SEM image of
runcated octahedron-type negative crystal appearing on the bro-
en surface of polycrystalline UO2 is given in Fig. 7 (this image was
btained from our previous study). The structure of the negative
rystal is given in Fig. 8. As can be seen in the ﬁgure, the cavity is
urrounded by {1 0 0} and {1 1 1} facets [23]. If the negative crystal
s formed in the vicinity of the surface and the surface ruptures,
hen the shape of the fringe that corresponds to the section of the
runcated octahedron would be hexagonal just as same as that on
he broken surface in Fig. 7; if the negative crystal is formed in the
icinity of the grain surface, then a similar cavity would be observed
ig. 7. FE-SEM image of negative crystal observed on the broken surface of the
s-helium treated sample: heat-treated at 1573 K for 1 h after helium injection.
Fig. 9. FE-SEM images of the fracture surface of sample S5 after helium was desorbed
at  1973 K for 1 h.
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Aig. 10. Distribution of helium gas bubbles in polycrystalline UO2 (A) surface of the
ample and (B) section near the surface.
n the grain. The SEM image of the fracture surface of S5 is given
n Fig. 9. Almost all cavities seen in this ﬁgure are negative crys-
als bounded by facet and the section is hexagonal. It should be
oted that the size of the negative crystal in this ﬁgure is similar to
hat of the basin seen in Fig. 6B, which also suggests relationship
etween the basin and the negative crystal. However, the position
f the grain boundary and distribution of the gas bubble are difﬁ-
ult to discern in this ﬁgure. Fig. 10 shows SIM images of the section
ear the surface of S5. In the ﬁgure, the pore is pigmented by distal
mage processing to make the distribution intelligible. The small
ores are uniformly distributed all over the section of the sample.
ome of the pore apparently locates in the grain-boundary region.
hese results suggest that the shallow basins seen on the surface
f the S5 may  be attributable to the negative crystal formed in the
icinity of the surface. The formation process of the blister with
olyhedral fringe is given in Fig. 11, schematically.
ig. 11. Formation process of the blister with polyhedral fringe by formation of
egative crystal.
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. Conclusions
We  investigated the variation in morphology of UO2 induced by
ccumulated helium. Two interesting behaviors of the precipitated
elium were observed. First, the formation of blisters derived from
he precipitated helium is possible. A shallow basin was  observed
n the grain surface of the sample that was  heat-treated at 1473 K
nder a high pressure of helium. The shape of the fringe was hexag-
nal. Second, we observed the formation of the negative crystal in
he grain. The section of the negative crystal is polyhedral, and its
hape resembles that of the fringe of the basin. We hypothesize
hat the basin is the trace of the ruptured blister derived from the
egative crystal formed in the vicinity of the grain surface.
The formation of gas bubbles in a fuel matrix is well known
o induce swelling of a pellet. When helium produced by the -
ecay of MA is accumulated in raw powder of MA-MOX fuel, helium
ay  precipitate in the grain-boundary region to form gas bubbles.
ecause this phenomenon will deleteriously affect densiﬁcation
uring the sintering process, the formation of gas bubbles poses a
erious problem with respect to the quality control (QC) of nuclear
uel when MA-MOX is adapted as a standard fuel for FBRs. QC
s expected to become much more difﬁcult when raw powder is
tored for a prolonged period before the sintering process. We  are
urrently planning to conduct an examination to clarify the inﬂu-
nce of helium precipitation on the sintering process.
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